Abstract
and where localized geothermal/hydrothermal activity is sufficient to melt accumulated snowpacks.
Introduction
The origin of the Martian valley networks has been debated ever since their discovery, in the 1970's, discharges on the order of several 106 to 109 m3/s lasting over periods of weeks to months (Baker et al., 1991) . Although these channels could still form in today's climate, there is uncertainty as to whether the fluvial valley networks, which required much lower discharges persisting for periods of at least l05 years (Gulick 1993) , could have formed under similar climatic conditions.
There are two prevailing views as to how the valley networks might have formed. Until recently, the conventional wisdom has been that early in Mars' geological history, greenhouse gases such as CO 2 warmed the surface sufficiently so that liquid water derived from rainfall could erode the surface and produce stream channels and valleys similar to the way such features form on the Earth. However, more recent climate models (Kasting 1991) preclude the existence of such a climate early in the planet's history when many of the fluvial valleys formed in the Southern Highlands region.
An alternative view has held that the stream valleys on Mars formed as result of a uniform, globally higher geothermal heat flow, early in the planet's history (Squyres 1989 (Wilhelms and Baldwin 1989) , and the formation of large impact craters (Schultz et al 1982; Brakenridge et al. 1985) and volcanos, produced vigorous, localized hydrothermal systems that resulted in ground-water outflow sufficient for valley formation (Gulick et al., 1988; Baker, 1989, 1990; Gulick 1993 Gulick , 1998 Valley formation is then re-evaluated in terms of its compatibility with an origin by rainfall, globally higher heat flow, or localized hydrothermal systems.
Martian Fluvial Valleys

Background and Overview
Mars is divided into two major geological provinces, the Southern Highlands and the Northern Plains ( Figure  1 ). The Southern Highlands contain the most ancient terrains on the surface of Mars, and are primarily composed of heavily cratered terrains consisting of a blocky, porous impact-produced megaregolith that in many regions is covered by extensive lava flows (Tanaka et al. 1992; Squyres et al. 1992) . These flows together with igneous intrusions and some aeolian or fluvially deposited material form the Highlands' intercrater plains (Carr and Clow 1981; Tanaka 1986; Tanaka et al 1992; Wilhelm and Baldwin 1989; Baker et al. 1992; Strom et al. 1992) . However, the Northern Plains are topographically lower, 3 km on average, than the Southern Highlands. These lowlands consist mostly of younger (less cratered) and smoother plains material composed of lava flows and sediments (Tanaka et al. 1992) . In addition, the two major volcanic regions Tharsis and Elysium are located in the Northern Plains.
The geological history of the planet is divided into three major time-stratigraphic systems, the Noachian, the Hesperian and the Amazonian (Scott and Carr 1978; Tanaka 1986 ) ( Figure  2 ). The earliest period for which there are preserved surfaces is the Noachian. Noachian terrains formed during the period of heavy bombardment, a time when the planets experienced extremely high impact cratering rates, due either to collisions of accretional debris left over from the formation of the solar system or to comets and asteroids. Depending upon the source of the impacts, this period probably ended on Mars around 3.8 Ga,
although Wetherill (1977) suggests that the end of late heavy bombardment might have persisted until 2.8
Ga (Strom et al. 1992 some networks continued to form after the emplacement of these plains units and after the period of heavy bombardment (BakerandPartridge1986).The nearlycoincidentformationof fluvial valley networks and the high degree of impact crater degradation during this time period (Strom et al. 1992; Barlow 1988) led to the prevailing theory that early Mars had a thicker atmosphere and a warmer climate (Sagan et al. 1973; Pollack et al. 1987 Baker 1989, 1990) . Unlike other fluvial networks on Mars, fluvial valleys on Alba Patera are most similar morphologically to terrestrial stream valleys, particularly to those formed on the Hawaiian volcanoes Baker 1989, 1990) . Note that Alba fluvial valleys formed well after the decline of the putative early Earth-like climate (probably as much as 1 to 2 Gyrs after) which ended soon after the end of the Noachian ( Figure  2 ). km/km2 and arecomparableto thosefor drainagesdevelopedon the Hawaiianvolcanoes Baker1989,1990) .
Theresultingcompounddegraded andpristine valleymorphology(BakerandPartridge1986)has importantimplicationsfor theenvironment in whichthey formed. Because thedegraded networksaremore laterallyextensive andhaveslightlyhigherdrainage densitiesthanthepristinenetworks, moresurface-water flow wasprobablyavailableduring the period when the degradednetworksformed. However, junction anglesof thedegraded networkstendto behigh (large),so it is not alwaysapparent from wherethe flows originate. In contrast,the pristine valleysthat formed in the intercraterplains units are structurally controlled (Pieri 1980; Schultzet al. 1982 Gulick 1986 Brakenridge 1990 Baker 1989, 1990 
1990; Grant and Schultz 1990).
Most Martian valleys seem to exhibit a sapping morphology (Pieri, 1980; Carr and Clow 1981; Tanaka 1986; Baker et al. 1992; Strom et al. 1992; Baker, 1982 Hecates Tholus, and AIba Patera, valleys form parallel to psuedo-dendritic drainage patterns Baker 1989, 1990) . The morphology and morphometry of these and other dissected Martian volcanoes are discussed in Baker (1989, 1990 ). (Gulick 1987 , Gulick and Baker 1989 , 1990 ). As surface erosion progressed, larger runoff valleys started to exhibit a sapping morphology as they tapped into underlying ground-water reservoirs ( Figure  11 ; see also Kochel and Piper 1986, Baker et al. 1990 ). The addition of ground water to the fluvial system increased overall stream power and accelerated erosion at the valley head and along its walls. 0.03mmandrangedfrom 19:l to 26:l for largemeangrain sizesof 0.3mm. They assumedthatno work wasbeingdoneby theflow in erodingsourcematerial or in breakingupsediment into smallergrainsizes.
2.3.Comparison with Terrestrial Sapping Valleys
However,GoidspielandSquyres' assumption thatno work was beingdoneby the flow in eroding sourcematerial significantlyunderestimates the total watervolumerequiredto erodea valleysystem. The amountof work doneby waterin erodingsourcematerial is muchgreater thanthe amountof work required to transport sediment out of the fluvial system. In orderto estimatethe total amountof waterrequiredto carvea valleysystemwhich includesboth erodingsourcematerialand transportingsedimentout of the fluvial system, thefollowing approach wasused.
Theapproachusedin this paperwasto select a lithologicenvironment wherevalleyshaveformed bothonEarthandMars suchasvolcanicsurfaces andwherethe agesof the terrestrial surfacesareknown.
Martianvalleyvolumesarethencombinedwith terrestrial fluvial erosionratesto constrainthe total volumes of waterrequiredto form eachset of Martian valleys. Basedon these studiesof fluvial erosion on terrestrial volcaniclandscapes, sediment volumetoerodedvolumeratiosscaled to Mars'gravityareas large as1000to I. Thetotal watervolumeusing eachestimated ratio is shownfor eachvalleygroup in Figure   14 (b). For eachlocality,eachbar represents the rangeof possiblevolumesdueto the uncertaintyin the slopesof valleywalls. The lowerbarassumes a watertoerodedvolumeratioof 3:l, theupperbara ratio of 1000: I. As Figure 14 (b)shows, the quantityof water passingthroughthe two selectedvalleysystemsin the heavilycrateredterraindoesnot drasticallydiffer from that on the Martian volcanoes, barring major differences in lithology.
Hydrological Constraints On Valley Origin
Aquifer recharge
Given the above estimates of the water volumes required for fluvial valley formation, it is possible to test whether recharge of aquifers was necessary for the formation of the Martian fluvial valleys. Using estimated drainage areas for the valleys on the heavily cratered terrain (Table  2) , and assuming subsurface porosities of 10 and 50% and that ground water completely filled all pore space to a depth of 1 km (a typical valley depth), the total volume of ground water contained in the aquifer at any one time can be estimated. These numbers appear in Table 2 . For Parana and Warrego Valles, the total quantity of water contained in their aquifersis of order 1012 to 1013 m 3. However, the total quantity of water required to erode these valleys, based on their volumes and water to eroded volume estimates of 3:1 and 1,000:1, ranges from 1012 to 1015 m 3. Therefore, there is enough water in the aquifer to erode the observed valleys only if the aquifer was emptied entirely to a depth of 1 km, the aquifer porosity was large (50%), and the ratio of water to removed sediment is quite small (3 or 4 to 1 A second problem with a uniform, globally higher heatflow hypothesis is that it would produce vertical temperature gradients needed for upward ground-water flow, but it would not by itself produce anomalously large, localized horizontal temperature gradients. Such lateral gradients are required to draw colder, denser ground water in from more distal regions of the aquifer to replace the warmer, more bouyant ground water discharging to the surface. In this way, ground-water outflow becomes concentrated resulting in higher regional discharges. Localization of outflow increases the likelihood of erosion at the surface and the eventual formation of fluvial valleys. (Gulick 1993) .
Rather than replenishing ground water through rainfall and infiltration, numerical modeling demonstrates that a Martian hydrothermal system replenishes itself by continually drawing in colder, denser ground water radially from more distant parts of an aquifer (Gulick 1993) . Ground-water outflow produced by hydrothermal systems associated with magmatic intrusions exceeding several 102 km 3 is sufficient to form fluvial valleys on Mars (Gulick, 1993) (Figure  15 ). Over its lifetime, the total quantity of ground water that passes through the modeled hydrothermal system is comparable to that needed to form a single outflow channel.
Only the duration and rates of ground-water outflow are different. Since, the outflow channels did form, subsurface aquifers of the required magnitude to form fluvial valleys must also have existed on (Gulick and Baker, 1993) .
As an example of such a possibility, Gulick and McKay (1994) Baker 1989,1990 (Gulick et al. 1995 (Gulick et al. , 1997 at IGa. However, Mellon (1996) exceeding several 102km3 canproducesufficientground-water outflow to form valleysandwould result in localizedregionsof valleyformation (Gulick, 1993; 1998 These valleys are the youngest, best developed, and most earthlike on the planet.
Figure from Baker (1989, 1990) . Example of a large (longitudinal) valley system in the intercrater plains region. Note the stubby theater-headed tributaries and lack of associated runoff valleys. Valley pattern appears to be structurally controlled by underlying fractures.
Valley is 800 km long. This system has formed on dark units of the intercrater plains that are thought to be igneous sill intrusions (Wilhelms and Baldwin 1989) . Valleys are also present around impact craters; note the asymmetric distribution. Figure from Gulick and Baker (1990) . volume from Goldspiel and Squyres (1991) . Note that these volumes represent an extreme lower limit to total water volumes because the volume of water required to erode source material was not considered.
The upper bar for each locality is the total water volume based on a 1000:1 water to sediment volume, a ratio derived by Gulick (1993) 
